Ribosomes elongate at a nonuniform rate during translation. Theoretical models and experiments disagree on the in vivo determinants of elongation rate and the mechanism by which elongation rate affects protein levels. To resolve this conflict, we measured transcriptome-wide ribosome occupancy under multiple conditions and used it to formulate a whole-cell model of translation in E. coli. Our model predicts that elongation rates at most codons during nutrient-rich growth are not limited by the intracellular concentrations of aminoacyl-tRNAs. However, elongation pausing during starvation for single amino acids is highly sensitive to the kinetics of tRNA aminoacylation. We further show that translation abortion upon pausing accounts for the observed ribosome occupancy along mRNAs during starvation. Abortion reduces global protein synthesis, but it enhances the translation of a subset of mRNAs. These results suggest a regulatory role for aminoacylation and abortion during stress, and our study provides an experimentally constrained framework for modeling translation.
INTRODUCTION
Protein synthesis begins with initiation by ribosomes on an mRNA and is followed by a sequence of elongation steps during which amino acids are added to the growing polypeptide chain. Initiation is the rate-limiting step for the translation of most mRNAs during nutrient-rich growth (Jacques and Dreyfus, 1990) . However, stressful perturbations such as amino acid starvation or transgene overexpression can decrease the elongation rate of ribosomes and affect protein levels (Subramaniam et al., 2013a; Varenne et al., 1984; Welch et al., 2009) . Biophysical modeling of translation can be used to infer the quantitative effect of these stressful perturbations on initiation rate, elongation rate, and the expression level of proteins (Shah et al., 2013) . More generally, modeling integrates our biochemical knowledge of translation and thus enables identification of novel regulatory processes when incorporation of known mechanisms is insufficient to recapitulate experimental measurements.
Biophysical modeling of translation has been greatly aided by the development of ribosome profiling, which involves deep sequencing of ribosome-protected mRNA fragments to measure ribosome occupancy on mRNAs (Ingolia et al., 2009) . Ribosome profiling has also produced surprising results that challenge two central assumptions in current theoretical models of translation. First, theoretical models assume that elongation rates at codons are directly proportional to the intracellular concentration of cognate aminoacyl-tRNAs (aa-tRNAs) during nutrient-rich growth (Shah et al., 2013; Tuller et al., 2010) . However, this assumption is not supported by ribosome profiling-although concentrations of different tRNAs vary over greater than a 10-fold range in bacteria and yeast (Dong et al., 1996; Tuller et al., 2010) , the measured ribosome occupancy at codons varies less than 2-fold in these organisms during nutrient-rich growth (Li et al., 2012; Qian et al., 2012) . Differential aminoacylation of tRNAs is also unlikely to underlie this discrepancy, as most tRNA species are >70% aminoacylated during nutrient-rich growth (Yegian et al., 1966) . Second, most models assume that a decrease in ribosome elongation rate on an mRNA affects the level of the corresponding protein by causing a traffic jam of trailing ribosomes (Shah et al., 2013; Zhang et al., 1994) . However, except for a few atypical mRNAs (Guydosh and Green, 2014; Li et al., 2012) , traffic jams at ribosome pause sites have not been observed in vivo, and the effect of ribosome traffic jams on protein level remains unclear. Together, these results suggest that current theoretical models do not include the full set of mechanistic ingredients that is necessary for accurate modeling of in vivo translation, especially as it pertains to the elongation stage.
To identify mechanistic features of the elongation stage that enable accurate biophysical modeling of translation, we combined transcriptome-scale and reporter-based experiments with whole-cell computational modeling. This approach enabled us to decipher the contribution of various molecular processes to the elongation rate of ribosomes and the synthesis rate of proteins. We found that the differences in the intracellular concentration of tRNAs and the occurrence of ribosome traffic jams at pause sites, both of which have been key ingredients in previous theoretical models (Shah et al., 2013; Tuller et al., 2010) , are insufficient to predict the measured ribosome occupancy in our experiments. We find that the molecular process of aminoacylation has a critical role in protein synthesis through modulation of ribosome elongation rates during stress. Further, we find that premature termination of translation before the synthesis of full-length proteins (henceforth referred to as translation abortion) determines both the ribosome occupancy along mRNAs and protein expression during stress. More generally, our work illustrates the usefulness of integrating deep-sequencing experimental methods such as ribosome profiling together with quantitative whole-cell modeling to reveal the experimentally relevant regimes of the a priori large parameter space in biophysical models of complex cellular processes.
RESULTS

Changes in Ribosome Occupancy upon Starvation for Single Amino Acids
We previously found that, during starvation for single amino acids in E. coli, the presence of certain codons cognate to the limiting amino acid can decrease the protein synthesis rate by up to 100-fold (Subramaniam et al., 2013a) . Starvation for single amino acids decreases the concentration of the cognate aminoacyl (aa) tRNAs (Dittmar et al., 2005; Sørensen, 2001; Sørensen et al., 2005) , thus decreasing the elongation rate of ribosomes at cognate codons. Based on these observations, we used single amino acid starvation as an experimental condition to develop constraints for biophysical models of protein synthesis in an elongation-limited regime of translation.
To characterize the effect of amino acid starvation on translation, we performed ribosome profiling in E. coli after 30 min of starvation for each of two amino acids: leucine and serine. For comparison with an initiation-limited regime of translation, we also performed ribosome profiling on cells grown in richdefined medium with all 20 amino acids. The distribution of ribosome footprints along mRNAs was highly variable during nutrient-rich growth ( Figure 1A ), consistent with earlier observations (Oh et al., 2011) . Starvation for either leucine or serine caused a pronounced change in the distribution of ribosome footprints along individual mRNAs ( Figure 1A ). Consistent with previous observations (Li et al., 2012) , the transcriptome-averaged ribosome occupancy differed less than 2-fold across the 61 codons during nutrient-rich growth ( Figures 1B and 1C , horizontal axis) and did not systematically vary with tRNA abundance (Figure S1A available online). Upon leucine or serine starvation, the average ribosome occupancy increased at leucine and serine codons, respectively, but this increase was not uniform (Figures 1B and 1C, vertical axis) . The three leucine codons CUA, CUC, and CUU had 2.5-to 4-fold higher ribosome occupancy than the average during leucine starvation, whereas the ribosome occupancy at the remaining three leucine codons CUG, UUA, and UUG was comparable to that of noncognate codons. Similarly, ribosome occupancy at the four serine codons UCA, UCC, UCG, and UCU was markedly higher than at the two serine codons AGC and AGU during serine starvation. We attributed the increase in ribosome occupancy at leucine and serine codons to a decrease in the ribosome elongation rate, as we did not observe an increase in total mRNA density at these codons upon leucine or serine starvation ( Figures S1B and S1C) . A Transcriptome-Scale Biophysical Model of Translation in E. coli To systematically evaluate the consistency of different biophysical models with our measurements of ribosome occupancy, we formulated a generalized kinetic model of protein synthesis in E. coli that accounted for four different molecular processes that we found to play a critical role in determining ribosome occupancy and protein expression: initiation, elongation, aminoacylation, and abortion ( Figure 2A ). Other molecular processes that are not expected to limit protein synthesis rate under the conditions of our study, such as termination at stop codons and ribosome recycling, were assumed to be instantaneous (rates set to infinity) for the sake of simplicity.
The core features of our biophysical model of protein synthesis are summarized by the kinetic rate equations for the four molecular processes ( Figure 2B ). The full list of parameter values used in our biophysical model is given in Table S1 . We implemented our model as a continuous-time, discrete-state process at the whole-cell level for E. coli by adapting the source code from a recent computational study in yeast (Shah et al., 2013) . During balanced nutrient-rich growth, the availability of free ribosomes for initiation is rate limiting for protein synthesis (Vind et al., 1993) . We modeled this empirical observation by taking the initiation rate R in to be proportional to n r , the number of free ribosomes in the cell (Equation 1 in Figure 2B ). The initiation rate constant k in p for each mRNA species p was estimated from our ribosome profiling measurements and the macromolecular composition and synthesis rates that have been measured with high accuracy in E. coli (Bremer and Dennis, 2008 ) (Extended Experimental Procedures).
Intraribosomal Events Limit the Rate of Elongation during Nutrient-Rich Growth
The elongation cycle is a multistep process that begins with the delivery of the aa-tRNA (in ternary complex with Ef-Tu and GTP) to the ribosome. This step is followed by a series of intraribosomal events that include kinetic proofreading, peptidyl transfer, and translocation of the ribosome to the next codon (Wintermeyer et al., 2004) . We considered a minimal model of elongation (Elf et al., 2003) that is composed of two effective steps (Equation 2 in Figure 2B ). The first step accounts for the arrival of cognate aa-tRNAs at the ribosome, and its rate is proportional to the intracellular concentration of aa-tRNA, n at . The proportionality factor k el is the second-order rate constant (k cat /K M ) for association between the ribosome and the aa-tRNA. The second step accounts for all intraribosomal events that follow the arrival of the cognate aa-tRNA at the ribosome, and the cumulative rate of these events does not depend on the intracellular concentration of aa-tRNA. For simplicity, we set the total rate of this second step to a uniform value 1/t 0 for all codons. Finally, when translocation is prevented by the presence of a leading ribosome (henceforth referred to as jamming), the elongation rate is set to zero in our model. If t 0 (the rate constant describing all intraribosomal events following arrival of the aa-tRNA) has the same value for all codons, the experimental observation that ribosome occupancies at codons do not vary inversely with the corresponding tRNA concentrations during nutrient-rich growth ( Figure S1A ) now implies a straightforward mechanistic constraint in our model-that the rate of intraribosomal events limits the overall rate of ribosome elongation under these conditions, i.e., t 0 >> 1/k el n at in Equation 2 of Figure 2B . Together, with the measured average elongation rate of ribosomes of $20 codons per second (Bremer and Dennis, 2008) , we can then infer that t 0 z0.05 s. In the more general case in which t 0 is not uniform for all codons, most of the codons still need to have t 0 [ 1/k el n at to recapitulate the observed lack of (inverse) proportionality between ribosome occupancy and tRNA concentration. Our conclusion that t 0 >> 1/k el n at , based solely on ribosome occupancy measurements, is also consistent with the typical in vitro value of k el = 2 3 10 7 M À1 s À1 (Bilgin and Ehrenberg, 1994; Pavlov and Ehrenberg, 1996) and the in vivo concentrations of tRNAs (n at ) during nutrient-rich growth (Bremer and Dennis, 2008; Dong et al., 1996) Subscript indices are used for distinct molecular species of the same kind (mRNA -p, tRNA -i, codon -a). The intracellular concentrations of molecular species and the values for rate constants in our whole-cell simulation are in Table S1 . See also Data S1.
To test the consistency of our whole-cell model with ribosome profiling measurements, we simulated our model with the aboveconstrained rate constants for elongation. With t 0 = 0.05 s and k el = 2 3 10 7 M À1 s À1 , we observed less than 2-fold variation (SD/mean = 10%) in ribosome occupancy across the 61 codons ( Figure 3A , vertical axis). By contrast, when we set the timescale of intraribosomal events to be zero (t 0 = 0 s), as assumed in previous work (Shah et al., 2013; Tuller et al., 2010) , ribosome occupancy varied 34-fold (SD/mean = 105%) across the 61 codons ( Figure 3A , horizontal axis), even though for both values of t 0 (0.05 and 0 s), the average elongation rate (R el ) was $20 codons s À1 . Thus, we conclude that ribosome occupancy at codons during nutrient-rich growth of E. coli, as measured using ribosome profiling, is consistent with a model in which intraribosomal events, rather than the arrival of aa-tRNA to the ribosome A site, are the slowest steps in the elongation cycle for most codons. Highly expressed genes in E. coli, such as those coding for the translation machinery, display a characteristic codon bias (called the major codon bias) toward codons that are decoded by tRNA isoacceptors with high intracellular concentration (Andersson and Kurland, 1990) . Motivated by this observation, biophysical models often predict that optimizing the codon usage of an overexpressed transgene by enriching for codons decoded by abundant tRNA isoacceptors can significantly improve the yield of its protein (Shah et al., 2013; Zhang et al., 1994) . Because this question is of significant interest in biotechnological applications (Gustafsson et al., 2004) , we reexamined it in the light of our conclusion that intraribosomal events, rather than the arrival of aa-tRNA, limit the rate of elongation during nutrient-rich growth. We simulated the expression of three transgenes at different fractions of the cellular transcriptome and with various codon bias (Extended Experimental Procedures and Data S1). When we assumed that the elongation rate at codons is proportional to the concentration of aa-tRNAs (by setting t 0 = 0 s in Equation 2 of Figure 2B ), we found that increasing codon bias can improve protein expression from the transgenes by >2-fold ( Figure 3B , open markers). However, this effect of codon bias was essentially absent when elongation rates at codons were limited by intraribosomal events ( Figure 3B , filled markers). We observed a similar effect of intraribosomal events when we simulated a model for yeast translation (Shah et al., 2013) (Figure S2A ). The lack of effect of codon bias on transgene overexpression is consistent with measurements using synthetic gene libraries in E. coli, which detected little correlation between yield of overexpressed proteins and the codon adaptation index (Kudla et al., 2009; Welch et al., 2009) . Thus, based on the elongation kinetics inferred from ribosome profiling, we suggest that the major codon bias is not a significant determinant of protein yield during transgene overexpression in E. coli.
Differential Aminoacylation Determines the Specificity of Elongation Pausing
Having formulated our biophysical model during nutrient-rich growth when initiation is rate limiting for translation, we sought to test our model in an elongation-limited regime during starvation for single amino acids. To simulate starvation for a single amino acid, we reduced the aminoacylation rate constant of the corresponding tRNA isoacceptors (k aa in Equation 3 in Figure 2B ) while keeping all other parameters identical to those during nutrientrich growth. Reducing the leucylation or the serylation rate constant caused a nonuniform increase in ribosome occupancy at leucine and serine codons, respectively ( Figures 3C and S2B) . However, the hierarchy predicted by the model significantly deviated from the measured hierarchy among these codons during both leucine and serine starvation ( Figures 1B and 1C) .
The discrepancy between model and experiments in the hierarchy of ribosome occupancy at codons during starvation could arise from two sources. One possibility is that the uniform rate constants for codon-tRNA interaction (k el ) could differ between tRNA isoacceptors, as we used only average estimates in our model. However, when we replaced the average estimates with in vitro measurements of k el , which vary over a 3-fold range for the leucine family , it had little effect on the predicted hierarchy of ribosome occupancy at codons (Figure S2C) . A second explanation for the above discrepancy is that the rate constants for aminoacylation (k aa ) might be unequal between the different tRNA isoaccceptors. Indeed, when we allowed the aminoacylation rate constants for tRNA isoacceptors to differ over a 3-fold range ( Figure S2D ), the model could largely recapitulate the experimentally measured hierarchy among codons during starvation ( Figures 3D and S2E ). Our modeling of differential aminoacylation kinetics is consistent with previous in vitro measurements, which found that tRNA isoacceptors could differ 2-to 20-fold in their aminoacylation rate constants (Fender et al., 2004; Harris and Marashi, 1980; Myers et al., 1971) .
Accounting for aminoacylation itself has a critical effect on protein expression during amino acid starvation. A recent modeling study arrived at the conclusion that protein expression can be rescued during amino acid starvation by reducing the number of ribosomes in the cell (Shah et al., 2013) . This conclusion was based on lowering the total number of tRNAs to simulate amino acid starvation without considering aminoacylation ( Figure S2F ). However, there is little evidence that the total concentration of tRNAs significantly changes upon amino acid starvation, whereas the canonical effect of amino acid starvation is the reduction in aminoacyl-tRNA concentration due to lower aminoacylation rate (Dittmar et al., 2005; Sørensen, 2001; Søren-sen et al., 2005) . When we simulated starvation by reducing the levels of aminoacyl-tRNA rather than that of total tRNA using the model of Shah et al., (2013) , we did not observe rescue of protein expression upon decreasing the number of ribosomes (Figure S2G) . Thus, accounting for aminoacylation qualitatively alters the prediction from biophysical models of translation in the elongation-limited regime of amino acid starvation.
Ribosome Traffic Jams at Ribosome Pause Sites during Amino Acid Starvation Single mRNAs are often simultaneously translated by several ribosomes. As a result, if ribosomes pause for a sufficiently long duration during elongation, a traffic jam of trailing ribosomes can occur in the 5 0 region of the ribosome pause site. To detect traffic jams in our ribosome profiling measurement, we calculated the average ribosome occupancy across the transcriptome in the 120 nt region on either side of the leucine codons during leucine starvation ( Figure 4A ). We observed an increase in ribosome occupancy at three of the leucine codons-CUA, CUC, and CUU-which is consistent with ribosomes pausing at these codons during elongation. In addition, we observed smaller peaks in ribosome density centered approximately À28 nt and À56 nt upstream of these three codons ( Figure 4A ). These peaks are consistent with a traffic jam of one and two ribosomes behind See also Figure S3 .
the paused ribosome. We observed similar but smaller peaks at À28 nt for four of the six serine codons during serine starvation ( Figure S3A ). Notably, we did not observe smaller peaks upstream of Shine-Dalgarno-like codons, which also cause an increase in ribosome occupancy during nutrient-rich growth (Li et al., 2012 ) ( Figure S3B ). Previous work has shown that nuclease treatment of polysomes with ribosome traffic jams can result in longer mRNA footprints that are protected by multiple ribosomes (Guydosh and Green, 2014; Wolin and Walter, 1988) . To test whether longer mRNA footprints occur during amino acid starvation in E. coli, we measured the size of nuclease-protected mRNA fragments using three yellow fluorescent protein (yfp) reporter variants ( Figure 4C ). We observed a $30 nt fragment corresponding to the monosome for all yfp variants both during rich growth and during leucine starvation ( Figure 4D ). In addition, we observed a prominent $60 nt fragment and a weaker $90 nt fragment in the yfp variant with the CUA codon during leucine starvation. These longer fragments were either faint or absent in the control variants without CUA codons and during nutrientrich growth, which is consistent with a traffic jam of multiple ribosomes caused by pausing of ribosomes at the CUA codon during leucine starvation. These results also suggest that the standard ribosome profiling method, in which only monosome-protected fragments are sequenced, underestimates the actual in vivo magnitude of ribosome occupancy 5 0 to the pause site in the presence of ribosome traffic jams. Deep sequencing of longer mRNA fragments (50-80 nt) that were protected by two ribosomes (disomes) from nuclease digestion revealed an increase in average disome occupancy up to 90 nt upstream of CUA codons during leucine starvation ( Figure 4B ), which is consistent with a traffic jam of between two to three ribosomes behind the paused ribosome. The length of this region with increased footprint density was similar to that obtained using the standard ribosome profiling method in which only short ($30 nt) monosome-protected mRNA fragments were sequenced ( Figure 4A ), which suggests that both the paused, leading ribosome as well as the jammed, trailing ribosomes have an equal likelihood of occurring either as monosomes or as disomes upon nuclease treatment.
Translation Abortion Determines the Distribution of Ribosomes along mRNAs during Amino Acid Starvation
The strong ribosome pausing that we observed during starvation for single amino acids enabled us to test whether the measured ribosome occupancy along mRNAs is quantitatively consistent with a biophysical model of ribosome traffic jams. During nutrient-rich growth, except for a peak at the start codon, ribosome occupancy was uniformly distributed across the entire length of the mRNA ( Figure 5A , gray line), which is similar to previous observations (Oh et al., 2011) . By contrast, during starvation for leucine, the distribution of ribosome occupancy was highly nonuniform, varying over a 10-fold range within the first 900 nt ( Figure 5A , black line). Ribosome occupancy increased sharply to a maximum at around 30 nt from the start codon and then decreased toward the 3 0 end of the mRNA. Starvation for serine produced a similar but less skewed distribution of ribosome occupancy along mRNAs ( Figure S4A ). By comparison, the distribution of total mRNA density was not significantly skewed during leucine starvation ( Figure S4B ). Ribosome occupancy profiles in all panels were smoothed using a sliding window of 30 nt. Each ribosome occupancy profile was normalized to have a mean value of 1. See also Figure S4 .
We then used the distribution of measured ribosome occupancy along mRNAs to evaluate our biophysical model of translation. Our model reproduced the uniform distribution of measured ribosome occupancy during nutrient-rich growth (Figure 5B, gray line) , which is consistent with initiation being rate limiting for translation under these conditions (Li et al., 2014) . However, when we simulated leucine starvation by a 100-fold reduction in the leucylation rate constant, a model that included only ribosome traffic jams predicted a more uniform distribution of ribosome occupancy than the one observed experimentally ( Figure 5B , blue line, compared to black line in Figure 5A ). This disagreement between the model and our measurements could not be offset by varying the leucylation rate, the only remaining free parameter in our model, over a 1,000-fold range ( Figure S4C ) and was also observed for serine starvation ( Figure S4D ).
The discrepancy in the distribution of ribosome occupancy between ribosome profiling measurements and our model that included only ribosome traffic jams led us to consider other molecular processes that occur in response to ribosome pausing. Translation abortion is a widespread mechanism of ribosome rescue that has been observed in both bacteria and eukaryotes in response to ribosome pausing (Shoemaker and Green, 2012) . Inactivation of translation abortion factors can decrease the growth rate of cells during stressful perturbations (Keiler and Feaga, 2014) , indicating the importance of abortion during stress. We modeled translation abortion (Equation 4 in Figure 2B ) as occurring at a constant rate k ab whenever the elongation rate of ribosomes falls below a threshold, R el threshold . This threshold elongation rate was set below the elongation rate of all codons under nutrient-rich growth to account for the experimental observation that abortion is generally selective for paused ribosomes (Moore and Sauer, 2005 ). In our model, increasing the rate of translation abortion (k ab ) produced higher ribosome occupancy at the 5 0 end of mRNAs during starvation ( Figures 5B and  S4D ). An in vivo abortion rate (k ab ) of $0.1 s À1 in our model predicted an average distribution of ribosome occupancy that matched the experimentally observed distribution during both leucine and serine starvation ( Figures 5B and S4D , black lines).
To test further the role of translation abortion at ribosome pause sites in determining the distribution of ribosome occupancy along mRNAs, we analyzed three subsets of E. coli genes with varying codon usage patterns ( Figure 5C ). These gene sets had different intragenic locations of the three leucine codons CUA, CUC, and CUU that result in ribosome pausing during leucine starvation ( Figure 1B ). These three codons were present at a high frequency within the first 300 nt in the first set ( Figure 5C , red, 323 genes), between 300 and 600 nt in the second set (Figure 5C , green, 70 genes), and at a low frequency throughout the third set ( Figure 5C , blue, 337 genes). The whole-cell model incorporating abortion predicted a decreased ribosome occupancy following the mRNA region where the CUA, CUC, and CUU codons were present at high frequency in these gene sets ( Figure 5D ). This prediction matched the measured distribution of ribosome occupancy for all three of the gene sets (Figure 5E) . By contrast, a model that incorporated only ribosome traffic jams did not recapitulate the measured distribution of ribosome occupancy in the three gene sets ( Figure S4E ). Together, these observations indicate that incorporating abortion at ribosome pause sites in our whole-cell model of translation is necessary for quantitative consistency with the measured ribosome occupancy along mRNAs during starvation for single amino acids in E. coli.
Translation Abortion and Its Effectors during Amino Acid Starvation
Based on the prediction of translation abortion from our analysis of the measured ribosome occupancy, we looked for abortion events at ribosome pause sites using a yfp reporter system. We constructed synonymous variants of yfp that encoded a 3xFLAG epitope at the N terminus for detection of incomplete polypeptides and that had a single leucine starvation-sensitive CTA codon at one of three different locations along 3xflag-yfp ( Figure 6A) . During leucine starvation, we detected shorterlength polypeptide fragments whose size was consistent with premature abortion at the CUA codon ( Figure 6B ).
Paused ribosomes with an empty A site are stable in vitro (Ivanova et al., 2005) , which suggests a role for a trans-acting factor in mediating abortion at ribosome pause sites during leucine starvation. Hence, we tested the role of four known abortionmediating factors in E. coli-tmRNA (Keiler et al., 1996) , RF3 (Zaher and Green, 2011) , ArfA (Chadani et al., 2010) , and ArfB (Chadani et al., 2011) -by deleting the genes for each of these factors individually ( Figure 6C ). Deletion of the gene encoding tmRNA, a chimeric transfer-messenger RNA that releases paused ribosomes and tags the incomplete polypeptide for proteolysis (Keiler et al., 1996) , caused a significant increase in the ratio of the incomplete-to-full-length YFP ( Figure 6C ). Further, complementation with a tmRNA His6 mutant (Roche and Sauer, 2001) , which adds a modified His6 proteolysis-resistant tag but still causes ribosome release, revealed an incomplete YFP polypeptide with a His6 epitope upon immunoprecipitation (Figure 6D) . Together, these experiments suggest that tmRNA mediates abortion at ribosome pause sites during leucine starvation. This conclusion is consistent with a previously ascribed role for tmRNA during amino acid starvation (Garza-Sá nchez et al., 2008; Li et al., 2008) . However, in contrast to these studies and previous in vitro experiments (Ivanova et al., 2004) , we did not find evidence for significant mRNA cleavage near the pause site during amino acid starvation ( Figure S5A) . Furthermore, the measured total mRNA density around the pause site did not indicate appreciable degradation of the region 3 0 to the pause site ( Figure S5B ). Finally, ribosome profiling in a DtmRNA strain showed only a slight decrease in ribosome occupancy at the 5 0 end of mRNAs compared to a tmRNA + strain during leucine starvation ( Figure S5C ). This observation suggests that abortion is still efficient in the absence of tmRNA and is likely mediated by the abortion-mediating factor ArfA. Such an auxillary role for ArfA in the absence of tmRNA is supported by earlier studies, which found that both the arfA mRNA and a truncated but functional form of the ArfA protein are highly stabilized by the deletion of tmRNA (Garza-Sá nchez et al., 2011) and that double knockout of arfA and tmRNA is synthetic lethal (Chadani et al., 2010) .
We then tested whether ribosome pausing and abortion also affects the expression level of an endogenous E. coli protein, the sigma factor RpoS, that is highly upregulated at the transcriptional level in response to leucine starvation (Subramaniam et al., 2013a) . Ribosome pause sites encoded by the two leucine codons CTA and CTC during leucine starvation are underrepresented in the rpoS protein coding sequence in comparison to their average frequency in the genome ( Figure 6E ), which suggests that ribosome pause sites during leucine starvation are selected against in the rpoS coding sequence due to their adverse effect on the expression of this critical stress response protein. To test the effect of ribosome pause sites on RpoS expression, we substituted, at the chromosomal rpoS locus, four leucine TTA codons with the synonymous CTA codons that encode ribosome pause sites ( Figure 6E , thick blue bars). Western blotting indicated that the expression level of RpoS decreased $6-fold during leucine starvation due to the presence of the CTA codons in the rpoS coding sequence ( Figure 6F ). This decrease was specific to leucine starvation, as the synonymous substitutions did not significantly affect the expression of RpoS during glucose starvation, which also strongly upregulates RpoS ( Figure 6F ). By fusing 3xFLAG-YFP to the N terminus of RpoS, we detected a truncated peptide ( Figure 6G , blue triangle) whose size is consistent with translation abortion at the first ribosome pause site in the rpoS synonymous variant during leucine starvation ( Figure 6E , blue triangle).
Effect of Translation Abortion on Protein Expression during Amino Acid Starvation
Previous studies have suggested that the primary function of abortion mediated by factors such as tmRNA is to rescue inactive mRNA-bound ribosomes during stress and thereby increase the translational capacity in the cell (Moore and Sauer, 2007) . To quantify this effect of abortion on ribosome rescue and translational capacity, we tracked the number of free ribosomes and (E) (Pie charts) Relative frequency of the six leucine codons across all coding sequences in the genome, in the rpoS wild-type coding sequence, and in the rpoS synonymous variant. Four TTA codons were replaced by CTA codons in the rpoS synonymous variant at the locations indicated by thick blue bars. The thin blue and green bars correspond to the location of the CTC and CTT codons in the rpoS WT and synonymous variant. Blue triangle indicates the location of the first ribosome pause site encoded by the CTA codon during leucine starvation. (F) Western blot against the RpoS protein (top) and RpoD protein (bottom) during nutrient-rich growth, leucine starvation, and glucose starvation. The rpoS wild-type coding sequence at the native chromosomal locus was either deleted (DrpoS) or replaced by the rpoS TTA > CTA synonymous variant without additional selection markers. Numbers between the two panels indicate the normalized densitometric ratio of the RpoS and RpoD bands for each lane. (G) Western blot with anti-FLAG antibody against 3xFLAG-YFP-RpoS fusion proteins during leucine starvation. Approximate molecular weight in kilodaltons (kD) was estimated using a protein ladder. Blue triangle corresponds to the approximate location of the expected truncated peptide caused by ribosome abortion at the first pause site in the rpoS TTA > CTA synonymous variant (indicated as a blue triangle in E). See also Figure S5 and Table S2. the global synthesis rate of proteins as a function of the abortion rate in our whole-cell model ( Figures 7A and S6 ). Based on earlier work (Bremer and Dennis, 2008) , we assumed that 15% of the ribosomes in a cell are free (not bound to mRNAs) during nutrient-rich growth. In the absence of abortion (k ab = 0 s À1 ), starvation for leucine decreased the fraction of free ribosomes in the cell to 7% ( Figure 7A , leftmost circle). Increasing the rate of abortion during leucine starvation gradually rescued the fraction of free ribosomes to a maximum of $60% in our model ( Figure 7A , rightmost circle). We then examined the effect of abortion on global protein expression using our whole-cell model. In the absence of abortion (k ab = 0 s À1 ), leucine starvation decreased the synthesis rate of complete proteins in the cell to 35% of its value during nutrient-rich growth ( Figure 7A , leftmost triangle). Increasing the rate of abortion during leucine starvation further decreased the global synthesis rate to a minimum of $15% (Figure 7A , rightmost triangle). Notably, increasing the abortion rate had widely different effects on protein expression from individual mRNAs during leucine starvation ( Figure 7B ). Proteins with higher expression level upon increasing the abortion rate also had a lower frequency of ribosome pause sites in the corresponding mRNAs ( Figure 7C ). As a result, protein expression from these mRNAs is less susceptible to abortion, and their translation initiation rate is increased by the released ribosomes due to abortion from other mRNAs. Thus, our model predicts that abortion enhances the translation of mRNAs in a selective manner even though it can have a deleterious effect on global protein expression during amino acid starvation.
DISCUSSION
Here, we formulated a biophysical model of translation in E. coli by leveraging the near single-codon resolution of the ribosome profiling method. Notably, we constrained our model not only in the initiation-limited regime of nutrient-rich growth, but also in the regime of amino acid starvation, during which the elongation rate of ribosomes has a large effect on the measured ribosome occupancy. By contrast, previous computational models of translation used data solely from initiation-limited regimes, with the consequence that mechanistic features of the elongation stage of translation were not fully constrained (Shah et al., 2013; Tuller et al., 2010) . As our results generally illustrate, the exact mechanistic features assumed for the elongation stage have a critical role in models of translation, and changing these features qualitatively alters several of the model predictions. Consistency between ribosome profiling measurements and our model suggests that the concentration of aminoacyl-tRNAs does not limit the elongation rate of ribosomes at most codons during nutrient-rich growth. This conclusion relies on our assumption that biases in the generation and analysis of ribosome footprinting data are sufficiently small such that the measured ribosome occupancy at codons reflects the residence times of ribosomes with an empty A site at these codons. This assumption is partly supported by our observation that differences in ribosome occupancy at codons during starvation for their cognate amino acid are consistent with their corresponding effect on protein expression. A more direct test of our conclusion will be to characterize the effect of overexpressing low-abundance tRNA isoacceptors on the measured ribosome occupancy during nutrient-rich growth. Our model still predicts a small variation in ribosome occupancy at codons that is correlated with tRNA abundance, the exact magnitude of which depends on the k cat /K M for ribosome-tRNA association ( Figure 3A , vertical axis). Although we predict that this small variation neither limits the ribosome elongation rate at most codons nor affects protein levels during nutrient-rich growth on the physiological timescale of protein synthesis, it can nevertheless leave an evolutionary signature on protein coding sequences and thus underlie the widely observed correlation between tRNA abundance and codon frequency in microorganisms (Andersson and Kurland, 1990; Drummond and Wilke, 2008; Wallace et al., 2013) . Our analysis of aminoacylation kinetics raises the interesting possibility that cells might utilize differential aminoacylation rates of tRNA isoacceptors as a mechanism to regulate the elongation rate of codons specifically during nutrient stress. Further, small differences in aminoacylation rate between tRNA isoacceptors might also modulate mis-aminocylation rates during other stresses (Netzer et al., 2009) while having little or no deleterious effect on translation during nutrient-rich growth when aminoacylation is not limiting for elongation.
Our work provides in vivo evidence for the widespread occurrence of ribosome traffic jams in response to pausing of a leading ribosome. However, we found that translation abortion at ribosome pause sites is the primary determinant of ribosome occupancy along mRNAs during amino acid starvation. Although abortion from non-stop mRNAs is thought to increase global protein expression during nutrient-rich growth (Moore and Sauer, 2007) , our whole-cell modeling suggests that abortion of paused ribosomes during nutrient stress might have the function of enabling selective translation from specific mRNAs. Additionally, releasing nascent polypeptides from paused ribosomes by abortion might facilitate their proteolysis and prevent protein misfolding during stress. However, previous studies have found that eliminating the ability of the abortion-mediating factor tmRNA to target nascent polypeptides to proteolysis does not significantly alter the cellular response to stress (Abo et al., 2002; Huang et al., 2000) , suggesting that prevention of protein misfolding is not the primary cellular function of abortion-mediating factors during stress.
The four processes that we modeled in our study (Figure 2 ) are an essential part of protein synthesis in both bacteria and eukaryotes. Hence, our analysis in E. coli can be readily extended to eukaryotes, where ribosome profiling has revealed that a variety of stresses result in a slow elongation rate (Liu et al., 2013; Shalgi et al., 2013) . It will also be useful to integrate our whole-cell model of translation with quantitative models of other cellular processes such as transcription (Brewster et al., 2014) and metabolism (Bordbar et al., 2014) . Such an integrated model can shed light on the complex interplay between metabolism and gene expression that occurs during environmental changes (Subramaniam et al., 2013b) .
EXPERIMENTAL PROCEDURES
Construction of all strains and plasmids (listed in Table S2 ), western blots, and northern blots were performed using standard molecular biology techniques (Extended Experimental Procedures).
Ribosome Profiling
Ribosome profiling was carried out as described previously (Li et al., 2012; Oh et al., 2011) , with the following modifications. To accurately capture the ribosome occupancy on mRNAs with single-codon resolution, we flash froze the cells immediately upon harvesting and stabilized ribosomes with the translation inhibitor chloramphenicol only at the lysis stage. Cells were lysed using glass beads (G1277, Sigma, vortex 10 3 30 s at 4 C with 60 s cooling on ice in between). Micrococcal nuclease digestion was carried out with 1 U Worthington Biochemicals MNase per mg of nucleic acid, as measured by A 260 .
Monosome-protected mRNA footprints between 20 and 40 nt were size selected by polyacrylamide gel electrophoresis for monosome sequencing. For disome sequencing, the disome peak was collected from the MNasetreated polysomes after sucrose-gradient fractionation, and fragments between 50 and 80 nt were used for sequencing. For total mRNA sequencing, the Microbe Express kit (Ambion) was used for subtracting rRNA from total mRNA and then fragmented using a bicarbonate buffer (Ingolia et al., 2009) for 20 min. For library construction, polyA-tailing (Ingolia et al., 2009) was used instead of linker ligation.
High-Throughput Sequencing Data Analysis
Analysis steps were similar to that in previous ribosome profiling studies (Li et al., 2012; Subramaniam et al., 2013b) and were implemented using Python and Bash programming languages. Full programming code for generating the final figures in our paper starting from raw sequencing data is provided both as an interactive IPython notebook (Perez and Granger, 2007) and as a static HTML file (sequencing_data_analysis.html in Data S1). In brief, single-end reads were polyA trimmed and then aligned to the E. coli genome (NC_000913.3 build) using Bowtie (Langmead et al., 2009) . Aligned reads were trimmed by 8 nt on each side. Each genomic position corresponding to the trimmed read was assigned ribosome occupancy equal to the inverse of the read length. The transcriptome-averaged ribosome occupancy at individual codons for each sample ( Figures 1B and 1C ) was computed by first averaging the ribosome occupancy at the first nucleotide position of the codon across all occurrences of that codon within each coding sequence and then by averaging across all coding sequences that had a minimum average occupancy of one read/codon. Because the start codon and the three stop codons have a high ribosome density during both nutrient-rich growth and starvation, they were excluded in the plots showing all 61 sense codons (Figures 1 and S1 ) for clarity. The ribosome occupancy profiles around codons ( Figures 5A and 5B) were calculated using the same procedure but for the 120 nt region on each side of the codon rather than just the first nucleotide position of the codon. Ribosome occupancy along mRNAs ( Figure 6A ) was computed by first normalizing the ribosome occupancy at each position of a coding sequence by the average ribosome occupancy for the full coding sequence, and then by averaging this quantity at each position beginning from the start codon across all coding sequences that had a minimum average occupancy of one read/codon.
Whole-Cell Model of E. coli Translation
Our whole-cell model for translation (Figure 2 ) was implemented using the stochastic Gillespie algorithm (Gillespie, 1977) . The source code for implementing the kinetic model in Figure 2 was adapted from Shah et al., (2013) , with modifications as shown in Data S1. Full programming code for running the simulation and for the subsequent data analysis to generate the final figures in our paper is provided both as an interactive IPython notebook (Perez and Granger, 2007) and as a static HTML file (simulation.html and simulation_data_analysis.html in Data S1). Standard errors of mean for model predictions in all figures are smaller than data markers. Our whole-cell model tracked the state of 44,000 ribosomes, 408,000 tRNA molecules (38 distinct tRNA species), and $7,500 mRNA molecules (1,518 distinct mRNA species) in the E. coli cell (Table S1 ). The transition rates between different states of each of these molecules are determined by the four rate equations in Figure 2B . The key parameters that control the predictions from our model are the rate constants k for the four processes in Figure 2B . Based on the analysis presented in the main text, we chose a default set of parameters for all of our simulations. Table S1 lists these choices, together with the corresponding references and a footnote explaining the choice (see also Extended Experimental Procedures). We chose parameters corresponding to a cell doubling time of 30 min that we measured during nutrient-rich growth in our experiments. 
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